Introduction
============

Multi-functional materials possessing both luminescence and semiconductive properties have played a critical role in solid-state lighting (SSL) techniques.^[@cit1]^ Materials with good electrical properties are able to convert electricity to light in a much higher efficiency and smaller devices than conventional incandescent or fluorescent lighting sources. Realizing white-light luminescence is the key step for SSL to become alternative conventional lighting and display systems. The most used method to produce white-light luminescence is a multi-component strategy. This strategy includes three parts: one is to excite a yellow phosphor (or multi-phosphors) using a blue (or UV) light-emitting diode (LED); another one is to blend red, green and blue LEDs;^[@cit2]^ a third is to excite a white phosphor using a UV light source.^[@cit3]^ Multi-component strategies can provide good color-rendering properties, but suffer from efficiency loss owing to self-absorption as well as emission color changes due to individual phosphors degrading at different rates.^[@cit4]^ A single-component strategy is an alternative strategy to generate white-light luminescence.^[@cit5]^ It can overcome the drawbacks of multi-component strategies and has advantages such as improved stability, easier fabrication process, and better color reproducibility.^[@cit6]^ However, it is still a big challenge to obtain a single-component material with high quality white-light luminescence.

The color rendering index (CRI) is a very important parameter of SSL devices and full-color display systems.^[@cit7]^ It describes how well a light source renders the colors of an object compared to an incandescent light or daylight. The CRI has a scale from 0 to 100 percent and the higher its value, the better its color rendering ability. A source with a CRI of 70 is acceptable for normal lighting applications, while a CRI of 80 is needed for human eye-friendly applications. An ultra-high CRI (above 90) is required to satisfy the demands of color-critical high-level applications, such as photography, cinematography, art galleries, jewellery, surgery, and cosmetic sales counters. With very high cost, an ultra-high CRI multi-component system can be obtained by carefully balancing the emitting intensities of different colors.^[@cit8]^ However, an ultra-high CRI of a single-component system has not been reported yet. As far as we know, most reported single-component materials have CRI values less than 85.^[@cit9]^ The photoluminescence spectrum of a single-component white-light emitting phosphor normally shows a very broad peak with a fixed ratio of different colors. Therefore, to individually tune the emitting intensities of different colors is very difficult in this case.

Crystalline inorganic--organic hybrids have shown great achievements in single-component white-light emitting phosphors,^[@cit5a]^ but an ultra-high CRI has not been realized. In a hybrid system, white light mainly comes from broad emission of the inorganic components.^[@cit9a],[@cit9b]^ One possible way to improve the CRI is to involve an organic emitting center in a hybrid. A hybrid material system normally has a weak interaction between the inorganic and organic components which makes it possible to design a hybrid with very weak electronic communication between the inorganic and organic components. Therefore, when the inorganic and organic components are selected to separately have blue and yellow/orange emitting centers, and a partially overlapped excitation band, the result would be that: (1) the overlapped excitation band can activate blue and yellow/orange emission synchronously; (2) multi-emitting centers are independently tunable to balance the ratio of the emissions of different colors by shifting the exciting wavelength. In this manner, white-light emission of this hybrid material can be realized and its CRI can be tuned to a high value. Moreover, the inorganic component can be selected to provide good electrical properties for the hybrid material.^[@cit10]^ Thus, a multifunctional hybrid with both good conductivity and interesting light emission might be designed and created.

Here, we report a single-component white-light emitting compound with a CRI as high as 96, which is the highest value to date. Using an inorganic--organic hybrid strategy, two crystalline hybrids, (H~2~DABCO)(Pb~2~Cl~6~) (**1**) and (H~3~O)(Et~2~DABCO)~8~(Pb~21~Cl~59~) (**2**), (DABCO = 1,4-diazabicyclo\[2.2.2\]-octane; Et = ethyl) were synthesized. Single crystal X-ray diffraction measurements revealed their unique lead halide based three-dimensional (3-D) inorganic framework structures. These two hybrids have independently tunable organic blue emitting components and inorganic yellow/orange emitting components for high CRI white-light emission. Photoluminescence (PL) studies showed that compound **1** has a cold-white-light emission with a CRI of 96 and compound **2** has a warm-white-light emission with a CRI of 88. In addition, electrical studies of **1** and **2** revealed their typical semiconductive properties.

Results and discussion
======================

Colorless crystals of **1** and **2** were obtained by the solvothermal treatment of PbCl~2~ and DABCO in ethanol and *n*-butanol, respectively. Detail of the synthesis is shown in the ESI.[†](#fn1){ref-type="fn"} Their phase purity was verified by elemental analysis and powder X-ray diffraction (PXRD) determination (see the Experimental section and Fig. S1 in the ESI[†](#fn1){ref-type="fn"}).

Single-crystal X-ray diffraction analysis reveals that compound **1** crystallizes in the tetragonal space group *P*4~3~2~1~2. The structure of **1** is composed of a unique 3-D (Pb~2~Cl~6~)^2--^ framework hosting organic (H~2~DABCO)^2+^ cations ([Fig. 1d](#fig1){ref-type="fig"}). Notably, metal halide-based hybrids normally have 0-D, 1-D or 2-D inorganic structures; 3-D inorganic framework structures have rarely been obtained previously.^[@cit11]^ As shown in Fig. S2,[†](#fn1){ref-type="fn"} there is one crystallographically independent Pb atom and four Cl atoms, and each Pb atom is situated in a slightly distorted octahedral coordination environment. From the topological point of view, the four corners shared by PbCl~6~ octahedra form a Pb~4~Cl~18~ cluster which acts as a node ([Fig. 1a](#fig1){ref-type="fig"}), and then this node connects with four neighboring ones to form a 3-D diamond structure. The whole net has a 6-connected topology with a point symbol of (3^6^·6^6^·7^3^) ([Fig. 1b](#fig1){ref-type="fig"}). This 3-D inorganic framework shows alternate hexagonal channels along the *a* and *b* directions, which have windows of 9.215(4) × 5.470(3) Å^2^ ([Fig. 1c](#fig1){ref-type="fig"} and S3[†](#fn1){ref-type="fn"}). The organic (H~2~DABCO)^2+^ cations were accommodated in the hexagonal channels through N--H···Cl hydrogen bonding interactions ([Fig. 1d](#fig1){ref-type="fig"}).

![For **1**: (a) topological node of the Pb~4~Cl~18~ cluster; (b) topological diamond structure of the (Pb~2~Cl~6~)^2--^ ions; (c) structure of the (Pb~2~Cl~6~)^2--^ framework viewed along the *a* axis, where parts of the Pb octahedra are shown as polyhedra; (d) crystal structure of compound **1** viewed along the *a* direction. Hydrogen atoms are omitted for clarity. The organic (H~2~DABCO)^2+^ cations were accommodated in the hexagonal channels through N--H···Cl (with a mean N1···Cl3 separation of 3.263(11) Å, and a mean N1--H···Cl3 angle of 139.1(7)°) hydrogen bonding interactions. Symmetric code: (A) 1.5 -- *y*, 0.5 + *x*, --0.25 + *z*; (B) --1 + *y*, 1 + *x*, --1 -- *z*; (C) 0.5 + *x*, 2.5 -- *y*, --0.75 -- *z*; (D) 1 -- *x*, 2 -- *y*, --0.5 + *z*; (E) 1 -- *x*, 3 -- *y*, --0.5 + *z*; (F) --0.5 + *x*, 2.5 + *y*, --0.75 -- *z*; (G) --1.5 + *y*, 1.5 -- *x*, 0.25 + *z*; (H) 1 -- *y*, 2 -- *x*, --0.5 -- *z*; (I) 1.5 -- *y*, 1.5 + *x*, --0.25 + *z*.](c5sc02501j-f1){#fig1}

Compound **2** crystallizes in the monoclinic space group *P*2(1)/*c*, which is composed of another unprecedented 3-D (Pb~21~Cl~59~)^17--^ framework as well as organic (Et~2~DABCO)^2+^ dications and protonated water molecules ([Fig. 2d](#fig2){ref-type="fig"}). Different from the protonated DABCO dications in **1**, the DABCO molecule in **2** is ethylated during the synthesis. This *in situ N*-alkylation has been well developed in our group for synthesizing metal halide-based hybrids.^[@cit12]^ (Et~2~DABCO)^2+^ is larger than the (H~2~DABCO)^2+^ dication in size, which results in larger channels in the 3-D inorganic framework of **2**. There are eleven crystallographically independent Pb atoms in the structure and they are situated in a distorted octahedral or mono-capped prismatic coordination environment. Two different trigonal bipyramid shaped Pb~5~Cl~18~ clusters are simplified to two kinds of nodes for the topological point of view ([Fig. 2a](#fig2){ref-type="fig"}). They have differences in the coordination environment of Pb, and connect with each other through three Cl bridging atoms (Cl16, Cl17, Cl18) in the *a* direction and two bridging Cl atoms (Cl11, Cl12) in the *b* direction (Fig. S4[†](#fn1){ref-type="fn"}). One node connects with three other neighboring nodes leading to an alveolate layer in the *bc* plane ([Fig. 2b and c](#fig2){ref-type="fig"}). These alveolate layers are further connected by the Pb6-centered octahedron to form a 3-D inorganic framework with 1-D channels in the *a* direction (Fig. S5[†](#fn1){ref-type="fn"}). This structure has a 4,5-connected net with a point symbol of (3·4^4^·5^2^·6^3^)~4~(3^2^·6^2^·7^2^). The 3-D inorganic framework showed splayed channels with windows of 12.656(15) × 10.333(7) Å^2^ (Fig. S5[†](#fn1){ref-type="fn"}). The (Et~2~DABCO)^2+^ dications and protonated water molecules are located in the channels and contact with the 3-D (Pb~21~Cl~59~)^17--^ anions through Coulombic interactions ([Fig. 2d](#fig2){ref-type="fig"}).

![For **2**: (a) topological nodes of the Pb~5~Cl~18~ cluster; (b) topological structure of the (Pb~21~Cl~59~)^2--^ ions; (c) structure of the (Pb~21~Cl~59~ ^17--^) framework viewed along the *a* axis, where parts of the Pb octahedra are shown as polyhedra; (d) crystal structure of compound **2** viewed along the *a* direction. Hydrogen atoms are omitted for clarity.](c5sc02501j-f2){#fig2}

Lead halide and its inorganic--organic hybrids normally are interesting p-type semiconductive materials. 3-D lead halide-based hybrid materials have shown impressive progress in solar cells with over 19% solar conversion efficiencies in recent years.^[@cit13]^ The electrical properties of **1** and **2** were determined using a two-probe direct current (DC) method with pressed pellets of the powdered samples from 30 to 170 °C. In an *I*--*V* curve, a steeper slope indicates a higher conductivity of a sample. As shown in Fig. S6a and S6c,[†](#fn1){ref-type="fn"} the conductivity of **1** is 2.18 × 10^--7^ S cm^--1^ at 30 °C, which gradually increases by raising the temperature and reaches 2.13 × 10^--5^ S cm^--1^ at 170 °C. The variety of the conductivity of **2** has a similar trend to that of **1**. It has a conductivity of 2.83 × 10^--7^ S cm^--1^ at 30 °C and 2.24 × 10^--3^ S cm^--1^ at 170 °C. Both the values and the trend of the conductivity increasing upon raising the temperature are very typical for semiconductive materials. The semiconductive properties of these hybrids should originate from the 3-D inorganic frameworks in the structures, which has been observed in other compounds in the same hybrid material family.^[@cit14]^ From optical absorption measurements (Fig. S7[†](#fn1){ref-type="fn"}), compound **2** has a smaller energy gap (*E* ~g~) than that of **1**. This might be an important reason why compound **2** has a more significant change in conductivity when varying the ambient temperature.

High CRI white-light emitting materials are very important for high-quality lighting. Here we show a possible way to create a high CRI single-component white-light emitting material using an organic and inorganic hybrid strategy. Compound **1** exhibits two emission peaks, centered at 455 (narrow peak, blue) and 585 nm (broad peak, yellow) ([Fig. 3a](#fig3){ref-type="fig"}). These two emissions should belong to different emitting centers due to the following two reasons. (1) They have a different maximum excitation (Fig. S8[†](#fn1){ref-type="fn"}): the blue one has a maximum excitation at 280 nm while the yellow one is at 320 nm. (2) They have different lifetimes (see Experimental section and Fig. S9 in the ESI[†](#fn1){ref-type="fn"}): 2.89 ns for 455 nm and 18.85 ns for 585 nm. Adjusting the excitation from 280 to 320 nm results in the intensity of the emission peak at 455 nm decreasing, while that at 585 nm increases. In this way, the emission of **1** can be modulated from blue to yellow. An intermediary excitation, 300 nm, is found to produce the "best" white-light emission with a quantum yield of 2.5%. The Commission Internationale de l\'Eclairage (CIE) chromaticity coordinates of this white-light emission are (0.33, 0.34), which are very close to that of pure white light (0.33, 0.33) ([Fig. 3c](#fig3){ref-type="fig"}). The correlated color temperature (CCT) is 5393 K, corresponding to "cold" white light. Notably, the white-light emission of **1** shows a CRI value of 96. As far as we know, this value is the highest one reported for a single component white-light emitting compound, and well above the value for fluorescent light sources (∼65) and reaches the value obtained by an expensive multi-component phosphor.

![Normalized solid-state photoluminescence spectra of **1** (a) and **2** (b) at room temperature upon variation of the excitation light; optical photographs of **1** (c) and **2** (d) excited by different wavelengths; CIE-1931 chromaticity diagram showing the emissions excited at 280, 300, and 310 nm for **1** (c), as well as 280, 330, and 360 nm for **2** (d), the red cross shows the position of pure white-light (0.33, 0.33).](c5sc02501j-f3){#fig3}

Similarly, compound **2** also has two emitting centers that are located at 420 (narrow peak, blue) and 690 nm (broad peak, orange) with lifetimes of 1.98 and 54.13 ns, respectively. It shows tunable photoluminescence from blue to orange upon variation of the excitation light ([Fig. 3b and d](#fig3){ref-type="fig"}). The maximum excitation for the blue and orange emission is at 310 and 370 nm, respectively (Fig. S10[†](#fn1){ref-type="fn"}). Exciting compound **2** with light between the two maximum excitations can give a balanced ratio of blue and orange emission to produce white-light emission. The "best" excitation for white-light emission of **2** is 330 nm. At this excitation, the CIE chromaticity coordinates and quantum yield of the white-light emission are (0.38, 0.31) and 1%, respectively ([Fig. 3d](#fig3){ref-type="fig"}). Different from **1**, compound **2** shows a "warm" white light emission with a CCT value of 3496 K that is more preferable for indoor illumination. Its CRI is 88, less than that of **1**, but very close to the value for high-level applications.

Additionally, the PXRD and emission spectra of the two compounds are similar to their as synthesized ones, which indicate that these two compounds are stable at 280 °C (Fig. S11--S13[†](#fn1){ref-type="fn"}). **1** and **2** are also stable under photo-excitation; the intensity and peaks of the white light emission after constant irradiation for 48 h are close to those measured of their pristine samples (Fig. S14[†](#fn1){ref-type="fn"}).

It is well known that if the emission originates from the deep defects of a material, it will strongly depend on particle size and will be readily quenched by particle aggregation.^[@cit15]^ In **1** and **2**, similar emission spectra of larger than 10 μm-sized particles of hand-ground powder and 2--3 μm-sized particles of ball-milled powder were observed (Fig. S15--S18[†](#fn1){ref-type="fn"}). The emission centers are the same, only with a small difference in relative intensity. This indicates that the size of the sample has little influence on the emission, and the white-light emission of **1** and **2** is a bulk effect and not a result of surface defects.^[@cit9a]^

The short lifetimes within the ns range for all of the emitting peaks of **1** and **2** indicate their fluorescence characteristics. To better understand the photoluminescence mechanisms, the emissions of H~2~(DABCO)Cl~2~, \[Et~2~DABCO\]I~2~ (see Experimental section and Fig. S19 and S20 in the ESI[†](#fn1){ref-type="fn"}) and bulk PbCl~2~ were investigated. As shown in Fig. S21 and S22,[†](#fn1){ref-type="fn"} H~2~(DABCO)Cl~2~ displays a blue light emission centered at ∼435 nm with a lifetime of 1.85 ns when excited at 370 nm; and \[Et~2~DABCO\]I~2~ also shows a blue light emission centered at 415 nm with a lifetime of 2.20 ns when excited at 345 nm. The positions and lifetimes of these emissions are comparable to the blue light emissions in **1** and **2**, demonstrating that the blue emissions in **1** and **2** originate from their organic components. Bulk PbCl~2~ shows broad yellow light emission with a maximum peak at 545 nm and a lifetime of 4.70 ns (Fig. S22c and S23[†](#fn1){ref-type="fn"}), which is similar to the yellow/orange emission in **1** and **2**. These emissions can be assigned to a Pb-centered transition involving the s and p metal orbitals.^[@cit16]^ Owing to serious structural distortion between the ground and excited states, the emission of the s^2^ compound shows a large shift from the absorption maxima, which has also been observed in **1** and **2**. The calculated energy between the s and p orbitals of Pb^2+^ in compound **2** is smaller than that of compound **1** (Fig. S24[†](#fn1){ref-type="fn"}), in accordance with the red shift emission of compound **2**. The inorganic 3-D structures in **1** and **2** play very important roles in showing such low energy emissions. (Me~2~DABCO)~2~(PbCl~6~) has a similar organic cation but a 0-D inorganic counterpart, which only shows blue emission from the organic part when varying the excitation (Fig. S25 and S26[†](#fn1){ref-type="fn"}). The mechanism of white-light emission in **1** and **2** is different from that of the recently reported 2-D layered hybrid perovskites (N-MEDA)\[PbBr~4--*x*~Cl~*x*~\] and (EDBE)\[PbX~4~\].^[@cit9a],[@cit9b]^ In these 2-D layered hybrid perovskites, the dielectric mismatch between the organic and inorganic layers results in multilayer quantum well structures and creates strongly bound excitons associated with the inorganic semiconducting layer. A broad distribution of intrinsic emissive trap states and strong electron--phonon coupling originating from the deformable lattice in the 2-D layered inorganic structure produce very broad emission for white light. So their white-light emission has only a contribution from the inorganic component, and the highest CRI in these compounds reported is 85. In our case, the white light emission is derived from the synergetic work of the inorganic and organic parts. The best advantage of our compounds is that the emission of the inorganic and organic components is relatively independent. The ratio of the emission from the inorganic and organic components could be flexibly tuned to enable us to produce white light with an ultra-high CRI.

Conclusions
===========

In conclusion, two single-component white-light emitting hybrids have been reported in this work. One of them shows the highest CRI of 96 in single component phosphors to date. Their 3-D inorganic framework structures are unusual and play very important roles in the conducting properties and suitable long wavelength emission for white light. The blue emission of the organic component and yellow/orange emission of the inorganic component are independently tunable to produce a high CRI. Notably, compounds **1** and **2** also show multi-color emission, which may meet the requirements for colorful lighting or displays. In the future, lighting systems with low cost, long life, and high CRI are required to accurately mimic lighting conditions outside. Our work reports a new method to develop high performance white phosphors with systematically tunable emission properties.
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